Introduction
Narrow apertures around window sashes, doors and movable partition walls are apt to deteriorate the sound insulation performance of wall systems [1] [2] [3] . In this study, the leak transmission characteristics of slit-shaped apertures are investigated through wave-based numerical analysis and a full-scale model experiment to determine the effects of sound absorption treatment inside the narrow apertures.
Numerical study 2.1. Outline of numerical analysis
Two-dimensional finite-difference time-domain (FDTD) analysis on the leak transmission characteristics of slit-shaped apertures was performed in this study. Figure 1 shows the 2-dimensional sound field under investigation. The sound field was divided into two spaces (the source side and the receiving side) by a rigid wall of 100 mm thickness with a narrow aperture in its center part. On the source side, a point source was located in front of the aperture and an impulsive sound was radiated from the sound source. On the receiving side, a closed receiving line with 1,500 mm length was set as shown in Fig. 1 , and the total sound energy radiated from the aperture, L J,t , was obtained by integrating the sound intensity normal to the receiving line. On the other hand, the sound energy incident to the aperture, L J,i , was calculated from the sound energy of the source and geometrical conditions of the distance between the point source and the aperture, and the incident angle. Then, the normal incident sound transmission loss, TL n , was obtained as the difference between L J,t and L J,i . Figure 2 shows the cross-sectional shapes of the apertures under investigation and Table 1 shows the conditions for each aperture. Type A is an aperture without any absorption treatment with 100 mm length and 6 mm width. For Types B and C, absorption treatment was carried out on one side of the apertures, which had the same length and width as Type A, and glass fiber materials with densities of 32 kg/m 3 and 96 kg/m 3 were used for the absorption treatment, respectively. Furthermore, for each type, the thickness of the absorption material was varied from 15 mm to 45 mm in 15 mm steps. In Types D and E, the absorption treatment was carried out on both sides of the aperture. For the FDTD analysis of the field inside the absorption material, sound propagation governed by the Rayleigh model was considered [4] . In this analysis, flow resistances of 10,000 NÁs/m 4 and 50,000 NÁs/m 4 were set for the glass fiber materials with densities of 32 kg/m 3 and 96 kg/m 3 , respectively [5] , and the structure constant and porosity were assumed to be 1.0. Figure 3 shows the calculated normal sound transmission loss, TL n . The deterioration of TL n for Type A in the 1.25 kHz, 1.6 kHz and 3.2 kHz bands is caused by the open pipe resonance, which occurs in the aperture with 100 mm length. For all apertures, it is seen that the dip frequency of TL n (indicated by arrows in the figure) decreases as the thickness of the glass fiber material, d, increases. At high frequencies, TL n rapidly increases with increasing frequency.
Result of numerical analysis

Laboratory experiment
Outline of experiment
A laboratory experiment on the transmission loss, TL, of the slit-shaped apertures using a scanning intensity method was performed. A full-scale slit-shaped aperture was made in the separation wall between a reverberation room and an anechoic room. The length of the aperture was 1,800 mm. In this experiment, TL for Types A, D3 and E3 was measured. For the condition with absorption treatment inside the aperture, glass fiber materials were covered by a thin plate of medium-density fiber board (density: 530 kg/m 3 ) of 2 mm thickness as shown in Fig. 2 . In this experiment, the sound insulation performance of the separation wall between the two rooms (the detail of the composition of this wall system is shown in Fig. 4 ) was inferior to that of the aperture, and therefore, the flanking sound from the separation wall seriously affected the measurement results [6] . For this reason, the transmission loss of the separation wall, TL wall , Ã e-mail: asakura@iis.u-tokyo.ac.jp was additionally measured by sealing the aperture with oil clay, and the measurement results of TL for the slit-shaped aperture were corrected using TL wall . 3.2. Results of experiment Figure 5 shows the measurement results. Measurement data in which the surface pressure intensity indicator, F pI , exceeded 10 dB, were excluded from the measurement results. For Type A, a similar tendency of the characteristics of TL as that obtained numerically (shown in Fig. 3) , where the deterioration of TL occurs at 1.6 kHz and 3.2 kHz, was seen. 
Unit : mm MDF board of 2 mm thickness (in the experiment) Glass fiber material Fig. 2 Cross-sectional shapes of apertures under investigation. Regarding the effect of absorption treatment, it can be seen that TL is improved at frequencies over 1 kHz for Types D3 and E3. For Type E3, which is treated with a higher-density glass fibrer material than Type D3, a higher TL was obtained at all frequencies.
In situ measurement
Outline of the measurement
The effect of sound absorption treatment on narrow apertures in peripheral parts of a single swing door was investigated experimentally by in situ measurement. Figure 6 shows a plan of the measurement site. A door panel made of medium-density fiber board of 700 kg/m 3 density was set between the source area (inside a room) and the receiving area (a corridor). Two measurement points were set at the two locations shown in Fig. 6 and the difference between the sound pressure level at the two points, D p , was measured. Figure 7 shows the arrangement of the absorption treatment around the apertures. Glass fiber materials of 96 kg/m 3 density were set in spaces with 30 mm width made in three sides of the door panel. The depth of the material, d, was 15 mm, 45 mm or 75 mm. These configurations are denoted as Types F, G and H, respectively. In addition, configurations without absorption treatment (d ¼ 0 mm, Type I) and without an aperture (the aperture was sealed with oil clay, Type J) were also measured. Figure 8 shows the measurement results. The comparison between Types I and J shows that the sound insulation performance was markedly deteriorated in the frequency For these types, the sound insulation performance was improved by 7 dB to 15 dB at frequencies between 2 kHz and 5 kHz. In the lower frequency range between 315 Hz and 1.25 kHz, the sound insulation performance gradually improved with the increasing thickness of the glass fiber materials set around the door panel. In order to confirm the above results, a 2-dimensional FDTD analysis of the same cases as those considered in this experimental study was additionally performed. Figure 9 shows the calculation results. In the numerical analysis, a similar tendency was also observed for TL n .
Results of the measurement
Conclusions
The effects of absorption treatment inside narrow apertures were investigated numerically and experimentally. As a result, it has been confirmed that the sound insulation performance in the middle and high frequency bands can be improved by absorption treatment. 
